I. INTRODUCTION NE OF THE PURPOSES of the Atlantic Remote Sensing
Land Ocean Experiment (ARSLOE) was to test and compare available wave measurement systems. The configuration of wave measurement systems covered a 30-X 40-km region off the coast of Duck, NC. The comparison presented here concentrates on measurements in the region 12-40 km offshore taken during a 4-day period from October 23-26, 1980, when a storm passed through the site area. The storm consisted of a complex frontal system which generated waves with a significant height of approximately 5 m [ 11 . Table I summarizes those measurement systems to be discussed. The locations of these systems are displayed in There are some difficulties and limitations when comparing different instrumentation in situ. It would be ideal to compare measurement systems so that any discrepancy found could be attributed only to the differences in the systems themselves and not to sampling variability. Since this is not possible even for two closely spaced in situ systems, consideration must be given to the effect of sampling variability. Additional variability should be expected between results from in situ instruments and from remote sensing instruments which measure over a finite area.
ARSLOE ALPHA, a study prior to ARSLOE, was conducted to provide a measurement of the sampling variability. Three Waveriders were deployed in a line parallel to shore at the 12-km site with the two outermost buoys positioned [3] . The buoy at the central location malfunctioned shortly after deployment, thus none of its measurements are considered in this work. This buoy was later replaced with another Datawell system which operated during ARSLOE. Fifty seven pairs of concurrent measurements were collected from the outermost buoys. Data were processed and analyzed with the same software package.
Estimates of the same variable obtained from adequately spaced, different, though equivalent systems are expected to belong to the same population. Thus the combined set of estimates from the two systems should be randomly distributed, with approximately half the estimates from one system being higher than the estimates from the other. To test whether this randomness was exhibited by estimates of significant waveheight (H,) values from the two outermost buoys, the ratios of pairs of their simultaneous H, estimates were examined. As shown in Fig. 2(a) and Table 11, the ratio values were equally distributed about one. Thus, it is accepted that although 1 km apart, both buoy systems are sampling the same population.
It 
METHOD OF ANALYSIS
Since participants were responsible for the processing and analyses of their data, the methods described in this section pertain only to Waveriders which were analyzed by the authors. For details on the analysis of other measurement systems, the respective participants should be contacted. Some of the participants are presenting their findings in this issue.
The names of those contributing their data for this comparison can be found in the acknowledgment.
The Waverider signal was sampled at a 4-Hz rate. The time series was separated into sections of 4096 data points representing a 1024-s duration, and a fast Fourier transform (FFT) algorithm was used to compute spectra from each section. To reduce side lobe leakage in the spectral estimates the Tukey or cosine bell window
was applied before the Cooley-Tukey FFT method for computing the complex Fourier series
was used. The spectral estimates were then corrected for variance loss due to the window by forcing the variance under the estimated spectrum to equal the variance computed from the time series before application of the window. Calibration corrections which are frequency dependent, were applied after correcting for the window effect. The applied corrections did not include temperature effects on Waverider sensitivity. This omission introduced an amplitude error not greater than 1 percent for the temperatures observed during the storm [2] .
The spectral estimates were band-averaged over 11 adjacent frequencies resulting in spectral estimates with frequency resolution of 0.01 1 Hz and 22 degrees of freedom.
Assuming a narrow-band spectrum, the signlfcant waveheight was calculated from where mo = area under the wave spectrum [4] . III. RESULTS Fig. 3 displays the time history of the suite of wave parameters: significant waveheight, frequency of the spectral peak, and mean wave direction of the spectral peak. When interpreting these plots, the locations of the different measurement systems must be taken into account. In Fig. 3 , the notation "1" located above the symbol for the Cloverleaf data represents those data recorded within 1 krn of the 12-km site. The "2" above the symbol represents those data recorded within 3 km of the 36-km site. All other Cloverleaf data shown were taken between these locations.
A. Significant Waveheight
Significant waveheights from several measurement systems are plotted in Fig. 3 . Of the in situ systems clustered at the center of the 12-km site, only the Waverider East (WE) and the ENDECO (E) (Fig. 1) collected a suitably long set (32) of simultaneous observations during the storm for a meaningful comparison. Separation between these two buoys was approximately 150 m. (WN) and South (WS) of the Waverider East buoy. These Waveriders were the same ones previously located 1 km apart during the ARSLOE ALPHA. Observations were available from these Waveriders for the same times as for the E W E pair. Fig. 2(b) and Table I1 show that H, values from the Waverider North buoy during the storm period have a tendency to be higher than those from the Waverider South buoy. This bias is interpreted as being due to differences in the actual H , at the two locations since the same two instruments showed no bias during the ARSLOE ALPHA experiment. Fig. 2(c) shows the ENDECO buoy tends to give H, values higher than the Waverider East buoy. It would be expected that these two buoys, being only 150 m apart would be sampling the same population; thus this bias is attributed to differences in the total buoy sytems. As seen in Table TIME 11, the EWE pair showed failure of the F test at a level comparable to that of the WN/WS pair. According to the Binomial Distribution, the probability of that level of failure for the E W E pair being a chance occurence.is 0.0000008. Thus it is concluded that the Waverider and ENDECO buoys yield different results for significant waveheight.
As shown in Fig. 3(a) and summarized in Table 111 : the significant waveheights measured by the Waverider East and ENDECO buoys had better agreement before passage of the front, midday (GMT) on October 25. Then ENDECO and Waverider East agreed within the Waverider 90-percent confidence limits, 65 percent of the time. After the passage of the front, the agreement decreased to 33 percent.
It was not possible to identify the causes(s) of the discrepancies in significant waveheights between the ENDECO and Waverider East from comparison of the nondirectional spectra. However, the comparison did reveal some basic discrepancies between the spectra. The examples in Fig. 4 represent spectra normalized by their respective total spectral density. For this comparison, the spectral estimates for the Waverider were averaged by a moving window over 50 frequency bands to approximate the resolution of the available spectra from the ENDECO. It was found that spectral peaks from the ENDECO data were generally broader at the lower frequencies than those from the Waverider data. A possible cause for this could be the different type of window applied. It was also found that the high-frequency end of the Waverider spectra did not trail off as quickly as for the ENDECO spectra. The dotted curves in Fig. 5 are the Kitaigorodskii et al. theoretical curve for the equilibrium range computed using a representative water depth at the 12-km site and normalized relative to the total spectral density in the corre- 
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sponding spectrum. It can be seen that the Waverider East data fit the theoretical curve better than the ENDECO [5] . A possible reason for this may be the differences in buoy response. The comparison between the Canadian "MET" buoy and the Waverider East is limited to two measurement periods early on October 23.
Although these data are insufficient , to draw conclusions, Table I11 shows that the significant waveheights measured by the "MET" buoy were within the 90-percent confidence limits of the Waverider. The significant waveheights measured by the Cloverleaf buoy were found to be consistently higher than those measured by nearby systems. When compared with the values measured at the 12-km site by the Waverider East buoy, the Cloverleaf data averaged 15 percent higher. There was one measurement at 17: 15 GMT on October 26, when the Cloverleaf measurement was within the Waverider 90-percent confidence limits. The Cloverleaf buoy measurements taken near the 36-km site averaged 20 percent higher than those taken by the XERB buoy.
The Surface Contouring Radar (SCR) was flown over the experiment area at 22:20 GMT on October 23. The
Waverider which was deployed 20-km offshore at the center of the SCR pattern malfunctioned and thereby limited the ground truth data to those data measured at the 12-and 36-km sites. The significant waveheight of 1.55 m measured by SCR had better agreement with that measured by XERB (1.58 m) at 36 km offshore than with the Waverider East (1.73 m) at 12 km offshore. This might be expected since the bottom slope was greater between the 12-and 20-km site than between the 20-and 36-km site.
B. Frequency of Spectral Peak
The central frequencies of the bands with maximum spectral density for the different measurements systems are plotted in Fig. 3(b) . After the fronts passed through the site on October 25, nearly opposing waves developed. The spectral densities associated with the existing old sea (swell) and with the newly developed sea were at times approximately equal. This led to the bifurcation shown in Fig. 3(b) . Table I11 summarizes comparison of the frequencies of maximum density for single-peak spectra. As shown in Fig. 3(b) , the Waverider East measured the spectral maximum at a lower frequency than the ENDECO. Although this difference is a consistent shift in the spectra, 83 percent of the time it was within the ENDECO frequency resolution of k0.025 Hz.
Of the two pairs of spectra from the "Met" and Waverider East buoys available for comparison, one was unimodal and the other bimodal. The central frequencies of the spectral maxima agreed for both cases.
The frequencies of the spectral maxima for the Cloverleaf spectra were generally in agreement with those of spectra from nearby buoys.
When compared with the Waverider East during both swell and sea, the distribution indicated no bias, and agreement between these frequencies within their frequency resolution occured 71 percent of the time. When compared with XERB, agreement was found 80 percent of the time. The frequency of the spectral maxima for the XERB spectra were biased higher than the Cloverleaf spectra by an average of 0.014 Hz.
When comparing the frequencies of waves resulting from buoy measurements to those obtained from a remote sensor such as the SCR, it is important to keep in mind that remote sensors measure in wavenumber space and then the frequency is computed using linear wave theory. Despite this, the frequencies of maximum spectral density obtained from the October 23 SCR flight were similar to those from the buoys in the area. From the SCR measurements, the frequency of the spectral peak at 22:20 GMT was calculated to be 0.147 Hz. During this period, the Waverider spectra indicated the spectral peak at 0.145 Hz, the XERB at 0.149 Hz.
C Mean Wave Direction of the Spectral Peak
The mean wave directions for the frequency of the spectral peaks are summarized in Fig. 3(c) Table V , mean wave directions from the Cloverleaf and ENDECO buoys agreed within 5 to 20". The wave direction measured by the Cloverleaf buoy was slightly more northerly than indicated by the ENDECO buoy. Similar agreement was shown between the Cloverleaf and the XERB buoys. Difference in their mean wave direction ranged between l and 24". The Cloverleaf buoy indicated a more southerly direction than the XERB.
Data from the SLAR overflight near the 12-km site on October 25 did not coincide with the available ENDECO data. The nearest measurements were about an hour apart. The ENDECO buoy, as shown in Fig. 3(c) , indicates a more northerly direction than the SLAR.
Surface Contouring Radar measurements taken in the region 20 km offshore on Octoher 23 agreed with those measured at the 12-km site by the Cloverleaf buoy. The SCR measured the wave direction to be 210", while the Cloverleaf measured the direction at 212". At the same time, the XERB at 36 km offshore measured the wave direction at 226".
When the Canadian "MET" buoy recorded measurements on October 23, there was no other wave-direction data available at the 12-km site. The only other system measuring wave direction at this time was XERB, some 24 km further off- 
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H -Cloverleaf data were more northerly 5 -Cloverleaf data were mre southerly shore. The "MET" data during this time show the wave direction to be 30" more northerly than that measured by XERB.
